Proteins in intercellular washing fluid (IWF) from wheat (Triticum aestivum) and barley (Hordeum vulgare) leaves were separated by twodimensional isoelectric focusing-polyacrylamide gel electrophoresis and stained with Coomassie brilliant blue (CBB) or silver. Intracellular protein from the cut ends of leaves accounted for only a small proportion of total protein in IWF from wheat leaves. When these were heavily infected with the stem rust fungus (Puccinia graminis f. sp. tritici) and grown at 19°C, four infection-related CBB-stainable proteins were detected in IWF.
The importance of cell surface interactions in the pathogenesis of plants has been reviewed by Albersheim and Anderson-Prouty (1) , and more recently by Daly (8) . Cell wall components and secreted macromolecules of pathogenic fungi, including Phytophthora infestans (1 1), P. megasperma (22, 41) , and Cladosporium fulvum (9) are thought to influence the outcome of the interactions with their respective hosts.
Biochemical studies on the cell walls of uredospores and germ tubes of the rust fungi have been made (18, 19, 23, 35, 36) hyphae because of the difficulties in obtaining sufficient quantities of rust mycelia from host tissue for analysis. However, cytochemical studies have shown that the walls of germ tubes and intercellular hyphae of the stem rust fungus differ in their composition (J. Chong, personal communication). Axenic cultures of rust fungi may be useful for investigations ofthe mycelial cell surface, but it is not known whether their hyphae have the same wall components or secrete the same extracellular material as hyphae growing in their hosts. Because race-specific recognition between cereal rust fungi and their hosts most probably occurs after stomatal penetration, it is important to know the composition of the surfaces of those fungal structures that develop in the intercellular spaces of the host.
A method for obtaining IWF3 from barley leaves has been described recently (30) . If this method could be applied to stem rust-affected leaves of wheat, it might provide a means for obtaining substances from the cell wall and extracellular environment of intercellular hyphae of this pathogen.
IWF has been used in a number of recent studies on plantfungal interactions: Heath (16) showed that intercellular fluid from compatible interactions between the bean rust fungus and French bean increased haustorium production by the bean rust on cowpea and by the cowpea rust fungus on bean, while the fluid recovered by Crucefix et al. (7) from cotyledons of lettuce, infected with Bremia lactucae, caused necrosis on the nonhosts cabbage and broad bean. Mayama et al. (26) detected phytoalexins (avenalumins) in intercellular fluids from oat leaves infected with Puccinia coronata f. sp. avenae in an incompatible interaction. An important demonstration of the usefulness of this fluid in studies on race specificity has come from work on the C. fulvum/tomato interaction: De Wit and Spikman (10) showed that intercellular fluids from compatible interactions contained race and cultivar-specific elicitors of chlorosis and necrosis. Further investigation indicated that the fungus was the probable source of these elicitors (9) .
The purpose of the present investigation was to compare proteins and glycoproteins in IWF from barley with those in wheat, and to identify 'infection-related' proteins in IWF from wheat infected with the stem rust fungus. The susceptibility of some barley cultivars to stem rust of wheat gave us the opportunity to determine if the same infection-related proteins could be detected in IWF from two different hosts colonized by the same fungal race, a finding that would be expected if these proteins were of fungal origin. Following electrofocusing, gels were equilibrated on ice for 30 min in 2.5 ml of 0.1 m Tris-HCI (pH 6.8), containing 10% glycerol and 0.1% 2-mercaptoethanol before being applied lengthwise to preformed gradient gels for the second dimension. Slab gels were cast in a Protean cell (Bio-Rad) and gel gradients were prepared from two solutions containing 1.5% (w/v) or 20% (w/v) acrylamide (each with an acrylamide to bisacrylamide ratio of 50:1). The 20% solution contained 7.5% glycerol, and both acrylamide solutions were buffered with 0.625 m Tris-HCI (pH 8.1). An embedding gel consisting of 5% (w/v) acrylamide, 0.1 m Tris-HCI (pH 6.8), 0.2% TEMED, 0.05% ammonium persulphate, and a trace of Bromophenol Blue was layered over the focusing gel to separate it from the running buffer. The upper (cathodic) buffer chamber contained 2.5 mm Tris and 0.2 m glycine; the lower chamber contained a one-half dilution of this and was maintained at 4°C. Proteins were electrophoresed for 1 h at 90 v and 16 h at 170 v. Native proteins in IWF were also separated by one-dimensional gradient PAGE as described (32) .
MATERIALS AND METHODS
Polypeptides in SDS gels were stained with Coomassie brilliant blue R250 (Kodak) as described by Howes et aL (17) . Native proteins in gels were stained with 0.02% CBB in 24% TCA for 8 h and destained with several changes of methanol:acetic acid:water (15:7:78). The gels were then soaked in 50% methanol containing formaldehyde at a final concentration of 0.038% for incubated for 0.5 h in 50% methanol, then soaked in 1% acetic acid for 2 d before being photographed.
Native proteins in one-and two-dimensional gels were transferred to nitrocellulose membrane (Bio-Rad) using a Trans-Blot Cell (Bio-Rad). A nitrocellulose sheet (15 x 15 cm) was soaked in transfer buffer (15.6 mM Tris, 120 mM glycine [pH 8.3]), carefully laid over a gel, and these were sandwiched between buffer-soaked Scotch Brite pads lined with filter paper. This assembly was inserted into the Trans-Blot Cell with the nitrocellulose anodal to the gel, and the transfer was carried out at 30 v, 0.08 A for 24 h at 40C. Blots were washed with double-distilled H20 and either air-dried and autoclaved (121'C, 15 min) for glycoprotein detection, or re-equilibrated in appropriate buffer prior to enzyme assay.
Methods for the detection of glycoproteins on blots using Con A (4, 15) or other lectins have been described (32) .
Gel separations for protein and glycoprotein detection were repeated at least twice, using fresh plant material.
Enzyme Assays. Activity of RuBPCase in IWF from noninfected plants grown at 19'C was determined at pH 8.5 in Tris-HCI as described by Vu et al. (38) . D-Ribulose 1,5-bisP (tetrasodium salt) and partially purified authentic enzyme (RuBPCase EC 4.1.1.39, from spinach) were from Sigma, and NaH'4CO3 (0.92 ,Ci/gmol) was purchased from New England Nuclear. In one control experiment NaH'4CO3 was omitted from the assay mixture, and in another, enzyme was heat-inactivated prior to addition to the reaction vessel. Background counts determined from these controls were subtracted from the counts in the test assays and enzyme activity was expressed in terms of nanomol of substrate converted in the 45-s assay. Protease (azocollase) activity in IWF was assayed using the method of Ragster and Chrispeels (29) .
Isozymes with f3-D-fucosidase activity were located on blots made from two-dimensional gel separations of IWF proteins under nondenaturing conditions. Blots were equilibrated in 0.2 M Na-acetate buffer (pH 5.2) and then incubated for 40 min with p-nitrophenyl-,lD-fucoside (Sigma) (I mg/ml in this buffer).
Blots were dried and sprayed with 1 M NH3 solution containing 2 mm EDTA, to reveal p-nitrophenol. Centers ofenzyme activity on the blots were marked with small holes for later reference.
The blots were then washed thoroughly in double-distilled H20, dried and autoclaved for subsequent detection of glycoproteins. procedure used to obtain IWF affected the integrity of host and fungal plasma membranes and cell walls, stem rust-affected leaves of wheat that had been infiltrated with buffer and centrifuged to obtain IWF, were examined for ultrastructural damage with an electron microscope. The results were the same as those of a previous study using leaves of barley (30) : no differences in the integrity ofeither host or fungal walls and plasma membranes could be detected between buffer-infiltrated and centrifuged leaves, and leaves that had not been treated in this way (result not shown).
Proteins released from the cut surfaces of stem rust-affected wheat leaves were compared with those in IWF from noninoculated and infected leaves. Many proteins in IWF which had been separated by IEF-PAGE under nondenaturing conditions ( 1, A and B) were not visible in a gel containing proteins from cut cells (Fig. IC) . A comparison between denatured proteins from IWF and cut cells demonstrated that the predominant polypeptides from cut cells (arrow, Fig. 2C ) were present in IWF (arrow, Fig. 2A ), but constituted a very small proportion of the total in this fluid. We suspected that the major protein from cut cells (large arrowhead in Fig. IC) contaminating IWF (large arrowhead in Fig. 1, A and B) may have been RuBPCase from chloroplasts damaged during leaf excision, since this protein can account for up to 50% of total protein in leaf extracts (20) . A polydisperse protein sharing similar electrophoretic and staining properties with that from cut cells (Fig. IC) was detected when a commercial preparation of RuBPCase from spinach was electrophoresed under nondenaturing conditions (result not shown). When the same preparations were compared under denaturing conditions, similar polypeptide patterns were obtained (Fig. 2, B and C). Co-migration of the major polypeptides was observed when equal amounts of denatured protein from the two sources A were mixed and electrophoresed (Fig. 2D) .
To establish whether RuBPCase activity was present in IWF, this enzyme was assayed by determining acid-stable`4C radioactivity after incubation with RuBPCase and NaH'4CO3. Figure 1 . IWF was from noninoculated wheat (A), stem rust-affected wheat (B), noninoculated barley (C), and stem rust-affected barley (D). (A, <), Infection-related proteins those in IWF from stem rust-affected barley were below the limit of detection with CBB, but were detected by post-staining with silver (see Fig. 4D ).
contained, on average, less than 10% of the protein present in IWF from noninfected leaves, and less than 5% of that in IWF from infected leaves. These results corroborate evidence obtained with IWF from barley leaves (30) , and indicate that this liquid was contaminated with only small amounts of protein from cut cells. Protease Activity in IWF. Another consideration in the analysis of native proteins in IWF concerns possible artifacts which may have resulted from endogenous proteolytic activity. However, the inclusion of PMSF in the preparation of IWF made no difference to the native protein pattern (Fig. 1 B) when stained with either CBB or silver (result not shown). Preliminary experiments indicated that IWF from noninoculated and infected wheat contained protease (azocollase) activity with an optimum at pH 8.0. In common with the enzyme described by Van (Fig. 3A ) differed markedly to that from noninoculated barley (Fig. 3C) . In CBB-stained gels of IWF from infected barley (Fig. 3D ) fewer proteins could be detected than in those from noninoculated barley (Fig. 3C) . When proteins from infected barley were poststained with silver (Fig. 4D ) other proteins were revealed, including some characteristic of noninoculated tissue (Fig. 3C ) and others which occupied similar positions on the gel as 8 of 10 infection-related proteins from wheat (compare Fig. 4D with Figs. 3B and 4B ).
The major infection-related proteins are arrowheaded in Fig. 4 , B and D; additional infection-related proteins may be present, but these stained feebly and were not always reproducible. The silver stain revealed more than 50 proteins and much polydisperse material of host origin in wheat and barley (Fig. 4 , A and C, respectively).
It should be noted that a number of infection-related proteins from wheat that had been exposed to chloroform and 250C (arrowheads in Figs. 3B and 4B) differed from those observed in wheat grown at 19'C (arrowheads in Fig. IB) . It is not clear to us why different infection-related proteins should result from this treatment while proteins from noninoculated plants grown under the two regimes were essentially the same, except for the polydisperse protein (Fig. 3A) , which represented a greater proportion of the total in IWF from treated wheat leaves. Since this protein is probably RuBPCase, its increased level presumably reflects chloroform-induced damage to chloroplasts from wheat.
Consideration of Figure 3 raises two additional questions: why was less polydisperse protein detected in IWF from infected wheat (Fig. 3B ) than in IWF from noninoculated wheat (Fig.  3A) , and why were fewer CBB-stained proteins observed in IWF from infected barley (Fig. 3D ) than in IWF from noninoculated barley (Fig. 3C) ? These results can be explained by assuming that an unknown portion of infection-related proteins in each 1 75-Ag sample was excluded from the IEF gradient because of size or pI, and thus eluded detection. Con A-Binding Proteins in IWF from Noninoculated and Stem Rust-Affected Leaves of Wheat and Barley. Because there are many reports which indicate that plant (24) and fungal (13) cell wall proteins are often glycosylated, we compared glycoproteins in these fluids. In each experiment, IWF was prepared from plants which had been subjected to the chloroform and 250C treatment. Con A-binding glycoproteins were revealed on nitrocellulose blots made from two-dimensional gels in which native proteins of IWF had been separated. Since horseradish peroxidase was used to reveal glycoproteins, endogenous peroxidases in IWF (to be described in a separate publication) would have interfered in the assay. We therefore autoclaved blots prior to probing to eliminate (32) this activity. A few Con A-binding proteins were detected in IWF from noninoculated wheat (Fig.  5A) . When IWF from infected wheat was tested, over 30 distinct Con A-binding proteins were observed (Fig. SC) . IWF from noninoculated barley also contained a few Con A-binding pro- teins (Fig. 5B) , at least two of which were not detected in wheat. The pattern of Con A-binding proteins from infected barley (Fig.  5D ) was strikingly similar to that of infected wheat. By superimposing traces made from such blots it was possible to show that over 20 ofthe spots from infected wheat and barley occupied the same positions on the membrane. The binding of Con A to each of these proteins was inhibited by a-methyl-D-mannopyranoside (not illustrated). An equivalent amount of protein from the 'cut cells' preparation was analyzed in the same way, but no Con A-binding proteins could be detected. Many of the glycoproteins that were detected with Con A on blots were not identified with the silver stain in gels, possibly because the enzyme-mediated glycoprotein assay is more sensitive than the silver stain. Furthermore, the protein pattern revealed with silver was so congested in some areas of the gel that individual glycoproteins, even if detectable, would have been difficult to distinguish with this stain.
Con A-Binding Proteins in IWF from Stem Rust-and Leaf Rust-Affected Leaves of Wheat. The similarity between the infection-related glycoproteins in IWF from stem rust-affected leaves of wheat and barley led us to consider that many of these may have originated, not from the hosts, but from the intercellular hyphae of the pathogen. We tested whether a different rust species would produce (or induce) different Con A-binding glycoproteins, by comparing glycoproteins in IWF from stem rustaffected wheat with those in IWF from the same host infected with the leaf rust fungus of wheat (P. recondite). Since this fungus is adapted to relatively cool temperatures, the comparison was made using plants that were grown at 19'C (in the absence of chloroform). There were pronounced differences between the glycoproteins detected in IWF from stem-and leaf rust-affected wheat (Fig. 6, A and B) ; the extent of these differences made it difficult to recognize common 'landmarks' on blots for compar- two fluids. The slight difference in the isozyme patterns between the two samples is probably due to differences in the protein content affecting the IEF gradient.
Unlike glycoprotein patterns from stem rust-affected leaves (10 gel separations from three IWF samples) those from leaf rustaffected leaves (five gel separations from three IWF samples) showed experimental variation. The reasons for this are not known, but all of the variants were dissimilar to the pattern obtained from stem rust-affected wheat.
By comparing Figure 6A with Figure SC it is evident that chloroform treatment and maintenance of stem rust-affected wheat leaves at 25°C affected the relative amounts of some glycoproteins, compared to those from similar leaves grown under normal conditions. However, the majority of infectionrelated glycoproteins were detected in both IWF preparations. (30) . Reasons for believing that these approximations may be overestimates have been given (30 between noninoculated wheat and barley, and the presence of many similar glycoproteins from infected plants, suggested that the latter were of fungal origin. It was unlikely that they represented nonspecific, stress-induced host proteins, since they were not detected in plants under other conditions of stress, viz. elevated temperature and chloroform treatment. The supposition that the infection-related glycoproteins were of fungal origin was strengthened by the many differences that were found among glycoproteins in IWF from leaf and stem rust-affected wheat. To ascribe a host origin for such glycoproteins would imply that wheat and barley produce the same glycoproteins in response to infection by stem rust ofwheat, but that wheat produces different glycoproteins, depending on whether the compatible interaction is with the stem rust or leaf rust fungus of wheat. The presence of fungal glycoproteins in IWF from infected leaves would not be unexpected, given the occurrence of glycoproteins in the cell walls and secretions of many fungi (6, 13, 21, 27, 39) , and particularly in the light of recent findings by Chong et al. (3), who demonstrated, by cytochemical analysis, the presence of protease-susceptible, Con A-binding material in an outer layer of the cell wall of intercellular hyphae of the stem rust fungus of wheat.
We conclude from this study that IWF from rust-affected wheat leaves is probably an excellent source of fungal surface glycoproteins. Whether any of these glycoproteins play a part in race-specific recognition is a matter of speculation. Ellingboe (12) has argued from genetic evidence that it must be the primary products of genes in gene-for-gene interactions which recognize each other and determine the outcome of the interaction, but this proposal does not preclude the possibility that such proteins may also be glycosylated. For some gene interactions between cereals and rust fungi, molecular recognition may be restricted to the region surrounding the developing haustorium, and it seems unlikely that IWF would contain substances from the cell wall of the haustorium distal to the neck ring; for other gene interactions, the determinants may not be so localized (31) , and could therefore be present in IWF.
